Arylimidamides (AIAs) represent a new class of molecules that exhibit potent antileishmanial activity (50% inhibitory concentration [IC 50 ], <1 M) against both Leishmania donovani axenic amastigotes and intracellular Leishmania, the causative agent for human visceral leishmaniasis (VL). A systematic lead discovery program was employed to characterize in vitro and in vivo antileishmanial activities, pharmacokinetics, mutagenicities, and toxicities of two novel AIAs, DB745 and DB766. They were exceptionally active (IC 50 < 0.12 M) against intracellular L. donovani, Leishmania amazonensis, and Leishmania major and did not exhibit mutagenicity in an Ames screen. DB745 and DB766, given orally, produced a dose-dependent inhibition of liver parasitemia in two efficacy models, L. donovani-infected mice and hamsters. Most notably, DB766 (100 mg/kg of body weight/day for 5 days) reduced liver parasitemia in mice and hamsters by 71% and 89%, respectively. Marked reduction of parasitemia in the spleen (79%) and bone marrow (92%) of hamsters was also observed. Furthermore, these compounds distributed to target tissues (liver and spleen) and had a moderate oral bioavailability (up to 25%), a large volume of distribution, and an elimination half-life ranging from 1 to 2 days in mice. In a repeat-dose toxicity study of mice, there was no indication of liver or kidney toxicity for DB766 from serum chemistries, although mild hepatic cell eosinophilia, hypertrophy, and fatty changes were noted. These results demonstrated that arylimidamides are a promising class of molecules that possess good antileishmanial activity and desirable pharmacokinetics and should be considered for further preclinical development as an oral treatment for VL.
Leishmaniasis, a neglected tropical disease, is caused by parasitic protozoa of the genus Leishmania, including 20 species that are pathogenic for humans (21) . Clinical manifestations of leishmaniasis mainly consist of cutaneous, mucocutaneous, visceral, and post-kala-azar dermal leishmaniasis, with symptoms ranging from skin and mucosal ulceration to systemic infection that is fatal if left untreated (6) . An estimated 12 million people are currently infected with Leishmania, and up to 350 million people in 88 countries are at risk of infection (35) . Approximately 2 million new cases of leishmaniasis are believed to occur annually, with 1.5 million for cutaneous leishmaniasis and 0.5 million for visceral leishmaniasis (VL). In macrophages, Leishmania amastigotes adapt to thrive in an acidic subcellular compartment, the parasitophorous vacuole (PV; pH ϳ5) (2), where they maintain a neutral intracellular pH within the parasite by an energy-dependent process (9) . Multiple layers of membrane barriers (i.e., host macrophage plasma membrane, phagolysosomal membrane, and Leishmania amastigote plasma membrane) presumably present a formidable challenge for chemotherapeutic agents to target Leishmania parasites in mammalian hosts.
Current chemotherapies for leishmaniasis have many limitations, including resistance, cost, parenteral administration, long treatment regimens, gastrointestinal intolerance, nephrotoxicity, and/or teratogenicity (10, 18, 29, 30, 36) . Since effective vaccines do not exist, there is an urgent need to develop new chemotherapeutic candidates with improved pharmacokinetic and toxicologic properties for the treatment of leishmaniasis.
In our efforts to identify promising antiprotozoal agents from a library of aromatic diamidines and their analogues, we have identified a new class of molecules, arylimidamides (AIAs; previously referred to as "reversed" amidines [26, 27] ), that exhibited submicromolar 50% inhibitory concentrations (IC 50 s) in the axenic Leishmania donovani amastigote assay and the L. donovani-infected macrophage assay (26) and nanomolar IC 50 s in Leishmania promastigote assays (22, 23) . In addition, AIAs demonstrated submicromolar IC 50 s against Trypanosoma cruzi parasites (19, 24, 26) , the causative agent for the devastating Chagas' disease (or human American trypanosomiasis, also a neglected tropical disease). Here, we describe a systematic lead discovery program for AIAs to characterize in vitro and in vivo antileishmanial activity, metabolism and pharmacokinetics, mutagenicity, and toxicity. The objective of this program was to provide the scientific foundation for future development of AIAs against leishmaniasis by determining the efficacies, pharmacokinetics, and toxicities of two promising members (Fig. 1 ) of this class.
MATERIALS AND METHODS
Chemicals. DB745 {2,5-bis[2-ethoxy-4-(2-pyridylimino)aminophenyl]furan} and DB766 {2,5-bis[2-(2-propoxy)-4-(2-pyridylimino)aminophenyl]furan} were prepared according to a general, three-step route previously used to prepare other 2,5-diarylfuran AIA compounds (27) . Chemical data for DB745, DB766, and synthetic intermediates are given in the supplemental material. Sodium stibogluconate was from IP Albert David Ltd., Kolkata, India. All other chemicals were purchased from Fisher Scientific (Pittsburgh, PA) or Sigma-Aldrich (St. Louis, MO), if not indicated otherwise.
In vitro susceptibility assays. The activities of DB745, DB766, and control compounds against L. donovani axenic amastigotes and intracellular Leishmania amazonensis or Leishmania major ␤-lactamase-transfected parasites were determined as described previously (8) . The activity of test compounds against intracellular L. donovani LV82 was assessed microscopically as follows. Peritoneal macrophages obtained from CD-1 mice were added to Lab-Tek chamber slides (Nunc) at a density of 5 ϫ 10 4 cells/well in a volume of 100 l in a macrophage medium (RPMI 1640 with Glutamax [Gibco] and 10% heat-inactivated fetal bovine serum [FBS] , 50 units/ml penicillin, 50 g/ml streptomycin [pH 7.4]) and were allowed to adhere overnight. Host cells were then infected overnight with L. donovani LV82 stationary-phase promastigotes at a parasite/macrophage ratio of 5:1 at 37°C in a 5% CO 2 atmosphere. The following day, the used medium was replaced with fresh medium containing either test compound or vehicle. After incubation at 37°C for 72 h, slides were washed once with phosphate-buffered saline, fixed with methanol, and stained with Giemsa (977 l distilled water, 23 l Giemsa diluent [3.1 mM dibasic potassium phosphate, 8.3 mM monobasic sodium phosphate], 50 l Giemsa stain) for 25 min. The percentage of infected macrophages in each chamber was determined microscopically at ϫ1,000 magnification. IC 50 s were determined by nonlinear regression analysis (four-parameter logistic curve) using SigmaPlot software. Compound activities against intracellular L. donovani clinical isolates AG83-S, MC4-R, and MC8-R were determined as described previously (11, 12) . The toxicity of test compounds to mouse peritoneal macrophages was measured as follows. Starch-elicited macrophages were obtained from CD-1 mice by peritoneal lavage and were seeded in 96-well microtiter plates in RPMI 1640 with 10% FBS, 50 units/ml penicillin and 50 g/ml streptomycin at a density of 1 ϫ 10 6 cells/ml in 100 l. The plate was incubated at 37°C under a 5% CO 2 atmosphere. After 24 h, the medium was replaced with 100 l fresh medium containing serial drug dilutions, and the plate was incubated for another 72 h. CellTiter reagent (20 l; Promega, Madison, WI) was then added to each well, and incubation was continued for an additional 2 to 4 h. The plates were read at 490 nm on a SpectraMax Plus 384 spectrophotometer (Molecular Devices, Sunnyvale, CA), and IC 50 s were determined using the four-parameter dose response equation described previously (8) .
Antileishmanial efficacy against L. donovani in mice. Efficacy in the murine model of VL was measured as previously described (8) , except that all compounds were dissolved in water prior to administration by the intraperitoneal (i.p.) or oral (p.o.) route.
Antileishmanial efficacy against L. donovani in hamsters. An 11-day procedure for screening compounds against VL in golden hamsters was adapted from the 8-day method reported by Stauber et al. (25) . L. donovani (WR378) metacyclic promastigotes were obtained from cultured stationary-phase promastigotes harvested from liver homogenates of infected hamsters as previously described by Melby et al. (15) . Five-to 6-week-old male Syrian hamsters (Mesocricetus auratus) were obtained from Harlan (Indianapolis, IN), and each hamster was infected intracardially (i.c.) with 2 ϫ 10 8 metacyclic promastigotes suspended in 200 l of Schneider's insect medium. Compounds were administered p.o. to L. donovani-infected hamsters, using a rubber gavage tube from day 4 postinfection (p.i.) to day 8 p.i., once daily. Controls consisted of two groups of infected hamsters (n ϭ 4 per group). One group did not receive any treatment, and the other group received p.o. miltefosine (30 mg/kg of body weight/day) that served as the reference drug. Animals were euthanized on day 11 p.i. by CO 2 asphyxiation. Liver, spleen, and femur were harvested in Schneider's insect medium supplemented with antibiotics.
Part of each liver and spleen tissue sample was used to prepare multiple touch smears on glass slides. Caution was taken that the same lobe of the liver or the same part of the spleen was used to prepare the smears from each tissue sample. To harvest bone marrow from the femur, the femur was cleaned, trimming all fat and muscles around the bone. A 3-ml syringe with 500 l of Schneider's insect medium was inserted into one end of the bone, and the marrow was flushed into a microcentrifuge tube. The cells were centrifuged at 1,500 rpm for 2 min at room temperature. Supernatant was removed, and the cell pellet was gently broken and resuspended in the remaining medium. Smears were made on slides by the use of 10 to 12 l of cell suspension. The smears were air dried, fixed in methanol, and Giemsa (15%) stained. The parasite burden in the liver and spleen of each animal was reported in Leishman-Donovan units (LDU), defined as the organ mass (g) multiplied by the number of amastigotes per 1,000 macrophage nuclei. The final numbers were converted to percentages of inhibition, considering the numbers of vehicle-treated control tissue to be 100%. pK a and logD 7.4 determination and DNA melting temperature. The pK a and logD 7.4 values were measured by pION Inc. (Woburn, MA), using a spectrophotometric method, with methanol as a cosolvent (3) . DNA melting studies (melting temperature [T m ]) were conducted with the reference model system, poly(dA-dT), that has been extensively used with diamidines (13, 26, 27) .
Metabolic stability, permeability, pharmacokinetics, and tissue distribution studies. Metabolic stability of AIAs was evaluated using liver microsomes (XenoTech LLC, Lenexa, KS) derived from four relevant species, i.e., human, rat (potential species for toxicity studies), mouse, and hamster, supplemented with NADPH. Microsomal incubations were carried out according to a protocol described previously (33) with modifications. Briefly, DB745 and DB766 were dissolved in dimethyl sulfoxide and added to incubation buffer to achieve final concentrations of 0.1 M, 1.0 M, and 10 M, containing 0.5% (vol/vol) organic solvent. Reactions were allowed to proceed for up to 60 min at 37°C and were stopped with 2 volumes of 7:1 methanol-water containing 0.1% trifluoroacetic acid (vol/vol) and 30 nM internal standard. DB745 was used as internal standard for DB766, and vice versa. After centrifugation (3,000 ϫ g), the supernatant fractions were analyzed by high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS; described below) to quantify the amount of substrate remaining.
Permeability was measured using the Madin-Darby canine kidney (MDCK) cell monolayer as previously described (31) . Briefly, the compound (3 M for DB766 or 25 M for furamidine) was added to the donor well (pH 7.4 in Hanks' balanced salt solution supplemented with 25 mM D-glucose and 25 mM HEPES), which was separated from the receiving well by the polarized MDCK cell monolayer grown on a polycarbonate membrane support. Transport (from apical to basolateral) was carried out for 60 min at 37°C in an incubator. Compound concentrations in donor and receiver wells were measured by HPLC-MS/MS to calculate apparent permeability (P app ) (31) .
Single-dose pharmacokinetics and tissue distribution of DB745 and DB766 were evaluated in mice. All animal experiments adhered to protocols approved by the Institutional Animal Care and Use Committee at the University of North Carolina at Chapel Hill. Male Swiss Webster mice (n ϭ 3 per time point) were given DB745 or DB766 via p.o. gavage or tail vein bolus injection (intravenous [i.v.]) as described previously (28) with modifications. Briefly, for i.v. administration, DB745 or DB766 was initially dissolved in sterile water at 2ϫ concentrations and then diluted 1:1 (vol/vol) with 2ϫ sterile saline (1.8% [wt/vol] ). This dose solution was injected via a tail vein with administration over ϳ10 to 20 s. For p.o. administration, DB745 or DB766 was dissolved in sterile water to form a clear solution at 5 mM or a gelatinous liquid at 20 mM and 40 mM. The dose volume was 5 ml/kg for both i.v. and p.o. administration. Terminal blood and tissue samples (liver, spleen, kidney, heart, and brain) were collected at selected time points from 5 min up to 72 h postdose. Plasma was obtained by centrifugation and processed for quantification of AIAs by HPLC-MS/MS (described below).
Ames screening assay. The Ames screening assay was performed by SRI International (Menlo Park, CA) as previously described (1, 17 DB766 were examined for their ability to induce genetic damage using the plate incorporation method with Salmonella enterica serovar Typhimurium tester strains TA98 and TA100, in the presence and absence of an Aroclor 1254-induced rat liver S9 metabolic activation system (10% [vol/vol] ). DB745 and DB766 were dissolved in sterile water at 10 and 5 mg/ml, respectively, and then serially diluted to achieve doses ranging from 1 to 1,000 g/plate (100 l) for DB745 and 1 to 500 g/plate (100 l) for DB766. 2-Nitrofluorene and sodium azide were used as positive controls when metabolic activation was absent. 2-Aminoanthracene was used as positive control when metabolic activation was present. Sterile water and dimethyl sulfoxide (DMSO) were used as vehicle controls. Test plates were compared with the control plates for their revertant count and for the condition of the background bacterial lawn. A test compound was considered a mutagen when the mean number of revertant colonies on the test plates exceeded the mean solvent control counts by at least 2-fold. Toxicity evaluation in female BALB/c mice. Single-dose escalation and 5-day repeat-dose toxicity experiments were performed by SRI International. The no-observable-adverse-effect levels (NOAELs) and maximum tolerated doses (MTDs) were determined for DB745 and DB766 in female BALB/c mice following five daily p.o. or i.v. administrations. Dose formulations were prepared fresh daily under yellow light by dissolving appropriate amounts of compound in sterile water to achieve the target concentrations. Dosing volumes were 20 and 10 ml/kg for p.o. and i.v. administrations, respectively. For the single-dose escalation experiment, mice (n ϭ 1 for each dose level per compound) were observed for 2 days after dose administration, and the dose levels were 5, 10, and 30 mg/kg i.v. and 25, 100, and 200 mg/kg p.o. for DB745 and 5, 20, and 50 mg/kg i.v. and 50 and 100 mg/kg p.o. for DB766. Doses larger than 100 mg/kg were not tested for DB766 due to limited aqueous solubility. For the 5-day repeat-dose toxicity experiment, mice (n ϭ 5 for each dose level per compound) were administered a test compound once daily for five consecutive days and scheduled for necropsy on day 6 (1 day after the last dose). Dose levels were selected based on results from the single-dose escalation study described above and consisted of three dose levels (low, mid, and high) for each compound per route of administration. These dose levels were as follows: 5, 10, and 20 mg/kg/day i.v. and 25, 50, and 150 mg/kg/day p.o. for DB745; 5, 20, and 30 mg/kg/day i.v. and 25, 50, and 100 mg/kg/day p.o. for DB766. Control mice (n ϭ 5 for each route of administration) were administered vehicle (sterile water) only. Body weights were recorded prior to day 1 and prior to each necropsy. Clinical hematology and serum chemistry were measured for blood samples collected 1 day after each last dose on day 6 prior to necropsy. Histopathologic examination of tissues retained in 10% neutral buffered formalin was performed by a board-certified veterinary pathologist.
Sample preparation for analytical assays. A portion of the liver, one kidney, and the whole spleen, heart, and brain were weighed and diluted with 2 volumes of water (assuming 1 g of wet tissue is equal to 1 ml in volume), followed by homogenization using a sonic dismembrator (model 100; Fisher Scientific, Waltham, MA). Tissue homogenates or plasma samples (25 l) were mixed with 200 l of 7:1 (vol/vol) methanol-water containing 0.1% trifluoroacetic acid and internal standard (1 M for tissue homogenates or 30 nM for plasma samples), followed by centrifugation (3,000 ϫ g) to pellet proteins. The supernatants were dried using a 96-well microplate evaporator (model EVX-96; Apricot Designs Inc., Covina, CA) under N 2 at 50°C and reconstituted with 100 l 15% methanol containing 0.1% trifluoroacetic acid before HPLC/UV analysis for tissue homogenates or HPLC-MS/MS analysis for plasma samples (described below).
HPLC/UV analyses of DB745 and DB766 were performed using a previously described method (33) with modifications. All samples were monitored at 368 nm for the purpose of quantification with a flow rate of 0.5 ml/min. HPLC mobile phases consisted of 35 mM formic acid and 15 mM ammonium formate in HPLC-grade water (A) and 35 mM formic acid and 15 ammonium formate in 80:20 (vol/vol) acetonitrile-water (B). Mobile-phase composition began with 15% B and was increased to 35% B over 0.5 min and further increased to 55% B over the next 4.5 min. The mobile phase was then maintained at 95% B for 1 min to wash the column, followed by reequilibrating with 15% B for 4 min before injection of the next sample. Separation was carried out at 25°C. Typically, 20 l of sample was injected. DB745 and DB766 eluted at 3.1 min and 3.5 min, respectively, with baseline separation. The calibration curve for DB766 neat standards ranged from 0.1 to 100 M with a detection limit of 0.05 M.
HPLC-MS/MS quantification of DB745 and DB766 was performed on an Applied Biosystems (Foster City, CA) API 3000 or 4000 triple quadrupole mass spectrometer equipped with a Turbo IonSpray interface (for electrospray ionization) (MDS Sciex, San Francisco, CA). Typically, 4 to 5 l of sample was injected. DB745 and DB766 were eluted from an Aquasil C18 analytical column (2.1 by 50 mm, 5 m; Thermo Electron, Waltham, MA) and analyzed in positive ion mode. HPLC mobile phases consisted of HPLC-grade water containing 0.3% formic acid (C) and methanol containing 0.3% formic acid (D). After a 0.4-min initial hold at 15% D, mobile-phase composition began with 15% D and was increased to 80% D over 1.6 min, followed by a 1.0-min hold, at a flow rate of 0.35 ml/min. The column was then washed with 95% D for 1.3 min at a flow rate of 0.5 ml/min and was reequilibrated with 15% D at a flow rate of 0.35 ml/min for 0.5 min before injection of the next sample. The characteristic selected reaction monitoring (SRM) transitions for DB745 and DB766 were m/z 547.4 3 426.1 and 575.3 3 454.1, respectively. The calibration curve for DB745 and DB766 ranged from 2.5 to 10,000 nM, using a quadratic equation with 1/x weighting.
Data analysis. Statistical analysis of in vivo antileishmanial activity was performed by comparing the average liver parasitemia of treatment groups with that of the untreated control group using Student's unpaired t test (SigmaPlot 10.0); a P value of Յ0.05 was considered significant. Statistical analysis of serum clinical chemistry values was performed by the one-way analysis of variance (ANOVA), followed by the Dunnett's posttest if the ANOVA analysis was significant; a P value of Յ0.05 was considered significant. Microsomal half-life (t 1/2 ) values were obtained by fitting the percentage of substrate remaining versus time curves to the 1-phase exponential decay equation (C ϭ C 0 ϫ e Ϫkt ; t 1/2 ϭ 0.693/k). Noncompartmental pharmacokinetic analysis of plasma concentration versus time curves was performed to obtain the area under the concentration-time curve from 0 h to infinity (AUC 0-ϱ ), percentage of AUC that was extrapolated (AUC_%Extrap), maximum plasma concentration (C max ), time to reach C max (T max ), terminal elimination half-life (t 1/2 ), clearance (CL), and steady-state volume of distribution (V ss ). Oral bioavailability (F) was calculated using the equation:
RESULTS
In vitro antileishmanial activities. In vitro antileishmanial activities of two novel AIAs, DB745 and DB766, were evaluated using the axenic L. donovani amastigote assay and the Leishmania-infected macrophage assays (Table 1) . Both AIAs exhibited submicromolar IC 50 s in all assays tested. Notably, DB766 had IC 50 s less than 0.1 M in the intracellular Leishmania assays, substantially more potent than miltefosine, paromomycin, and pentamidine and similar in potency to amphotericin B. Both AIAs were selective against intracellular Leishmania parasites compared to murine peritoneal macrophages, with selectivity indexes of 250 and 78 (based on the L. donovani intracellular assay) for DB745 and DB766, respectively.
Activity against antimony-resistant Leishmania isolates. The potential of AIAs against drug-resistant Leishmania parasites was assessed using J774 macrophages infected with clinical isolates of antimony-resistant L. donovani (Table 2 ). DB745 and DB766 were active against these antimony-resistant Leishmania parasites, with IC 50 s ranging from 0.064 to 0.16 M, similar to the IC 50 s against wild-type intracellular Leishmania parasites shown in Table 1 .
In vivo efficacy in the murine VL model. Prior to an in vivo efficacy study, the acute overt toxicity of DB745 and DB766 was initially evaluated in uninfected female BALB/c mice via repeat i.p. or p.o. administration (once daily for 5 days). When DB766 was given p.o. at doses of 25 and 50 mg/kg/day for 5 days, mice showed no signs of any overt adverse effect. However, when given i.p. at a dose of 50 mg/kg/day, DB766 caused some mild adverse effects (e.g., ruffled fur and hypoactivity), although all mice survived the 5 days of treatment. In contrast, when given i.p. at a dose of 50 mg/kg/day, DB745 caused moderate adverse effects, with tremors, ruffled fur, and a tendency to startle, but all mice survived the 5 days of treatment. At a dose of 100 mg/kg/day i.p., DB745 was lethal to mice after VOL. 54, 2010 AIAs AGAINST LEISHMANIASIS 2509 two doses. These mice displayed severe hypoactivity, ataxia, and tremors and had to be euthanized. Accordingly, appropriate dose regimens (shown in Fig. 2 ) were selected for further efficacy studies of mice. The highest DB766 (as a hydrochloride salt) dose given was 100 mg/kg/day due to its limited aqueous solubility.
The reductions in liver parasitemia of mice treated with DB745 or DB766 compared to that of untreated controls are shown in Fig. 2 . When given i.p., both DB745 and DB766 showed dose-dependent inhibition of liver parasitemia. A maximum reduction of 63% was observed for each compound administered at a dose of 30 mg/kg/day (DB766 was given for 5 days, but DB745 could be given for only 4 days due to adverse events in the mice). Furthermore, DB766 exhibited a promising dose-dependent p.o. activity in this murine VL model, with 71% inhibition of liver parasitemia at a dose of 100 mg/kg/day for 5 days. No signs of overt toxicity were observed for any of the mice treated with DB766.
In vivo efficacy in the hamster VL model. Since the hamster VL model is considered to be clinicopathologically and immunopathologically more similar to human VL than to the murine model (14) , DB766 was further evaluated in our 11-day hamster VL efficacy model. DB745 was not evaluated in this model primarily due to its toxicity being greater than that of DB766. The reductions in the parasitemia of three key tissues (i.e., liver, spleen, and bone marrow) in hamsters treated with DB766 are shown in Table 3 . When given p.o. at a dose of 100 mg/kg/day for 5 days, DB766 reduced parasitemia (LDU) in liver, spleen, and bone marrow by 89%, 79%, and 92%, respectively. Moreover, DB766 inhibited the bone marrow parasitemia in a dose-dependent manner (24%, 70%, and 92% inhibition in LDU at doses of 30, 50, and 100 mg/kg/day for 5 days, respectively). However, using the same dose regimen, DB766 exhibited a relatively flat dose response in liver and spleen, ranging from 75% to 89% and 67% to 79% inhibition, respectively. Miltefosine, given p.o. at a dose of 30 mg/kg/day for 5 days as a positive control, afforded 88%, 79%, and 91% inhibition of parasitemia (LDU) in liver, spleen, and bone marrow, respectively.
Physicochemical properties and permeability. The pK a and log P values for DB745 and DB766 were experimentally determined using a UV spectrophotometric method (Table 1) . Unlike typical dicationic diamidines (e.g., pentamidine and furamidine), which often have pK a values above 10 (13, 20), DB745 and DB766 had near neutral pK a values (7.12 and 7.36, respectively). Furthermore, both AIAs were moderately lipophilic at physiologic pH with logD 7.4 values of 3.63 and 4.12, respectively. DB766 was ϳ20-fold more permeable across the MDCK cell monolayer than furamidine (65 versus 3.3 nm/s for P app ). DB745 and DB766 gave relatively small increases (6 to 7°C) in the DNA melting temperature (⌬T m ), compared to the diamidines, furamidine (25°C) (26) and pentamidine (12.8°C) ( Table 1) .
In vitro metabolism in liver microsomes. Metabolism of DB745 and DB766 was initially evaluated using pooled liver microsomes supplemented with NADPH, and microsomal t 1/2 values were measured by monitoring substrate disappearance over time at three substrate concentrations (Table 4 ). In pooled mouse liver microsomes, DB745 and DB766 microsomal t 1/2 values appeared to be concentration dependent (longer half-lives at higher substrate concentrations), indicating a saturable metabolism observed in the concentration range tested (0.1 to 10 M). Similar results were observed for both compounds by using rat and hamster liver microsomes. In contrast, marginal substrate depletion was detected for DB745 and DB766 by using human liver microsomes with t 1/2 values greater than 120 min at all concentrations tested.
Pharmacokinetics in mice. Single-dose i.v. and p.o. pharmacokinetics of DB745 and DB766 were evaluated in mice to examine the potential of these compounds as p.o. active drug (Table  5 ). DB745 p.o. bioavailability was dose dependent, improving from 3.3% to 25% as the dose increased from 25 to 200 mol/ kg. After a single p.o. dose of 100 mol/kg (or 70 mg/kg) in mice, DB766 C max and AUC 0-ϱ were 4.4-and 2.4-fold higher than those of DB745, respectively (Table 6 ). Furthermore, the p.o. bioavailability of DB766 remained approximately the same as that of DB745 (10.4% versus 9.3%). In addition, a large volume of distribution was observed for both compounds, indicating extensive tissue binding. Tissue distribution in mice. Tissue concentrations of DB766 after i.v. and p.o. administration in mice were determined using tissue homogenates from liver, spleen, kidney, heart, and brain (Fig. 3) . After a single i.v. dose of 7.5 mol/kg (or 5 mg/kg), DB766 maximum tissue concentrations were 10.7, 7.8, and 7.3 g/g (or 18.7, 13.5, and 12.7 M) in liver, spleen, and kidney, respectively, observed between 5 min and 2 h postdose. DB766 brain concentrations were much lower than the corresponding plasma concentrations, indicating limited brain uptake. DB766 concentrations in the heart were higher than the corresponding plasma concentrations, albeit to a much lower extent compared to liver, spleen, and kidney. After a single p.o. dose of 100 mol/kg (or 70 mg/kg), DB766 maximum tissue concentrations were 26.3, 24.8, and 17.4 g/g (or 45.8, 43.1, and 30.3 M) in liver, spleen, and kidney, respectively, all observed at 2 h postdose. Similar to i.v. administration, DB766 brain concentrations were lower than or close to the corresponding plasma concentrations, whereas DB766 heart concentrations were higher, albeit to a much lower extent than were those of the liver, spleen, and kidney. Furthermore, DB766 concentrations in tissues that had the highest levels of Mutagenicity evaluation using the Ames screen. Potential mutagenicity of DB745 and DB766 was assessed in a single experiment with two different Salmonella serovar Typhimurium tester strains (TA98 and TA100) with and without metabolic activation by using induced rat liver S9. DB745 was cytotoxic to TA98 at doses of Ն100 g/plate and to TA100 at doses of Ն50 g/plate in the absence of metabolic activation and to TA98 at doses of Ն500 g/plate and to TA100 at doses of Ն100 g/plate in the presence of metabolic activation. DB766 was cytotoxic only to TA100 at doses of Ն100 g/plate in the absence of metabolic activation and at doses of Ն500 g/plate in the presence of metabolic activation. No significant increase in revertant colonies was seen with or without metabolic activation for either DB745 (data not shown) or DB766 ( Table 7 ), suggesting that these AIAs are not mutagenic.
Repeat-dose toxicity study of mice. A single-dose escalation experiment was initially performed using adult female BALB/c mice to determine appropriate dose levels for the 5-day repeatdose toxicity study. During the escalation experiment, all animals in the i.v. and p.o. treatment groups survived to their scheduled necropsy. The only test article-related clinical observation was tremors, which affected one animal in the 30 mg/kg DB745 i.v. group and one animal in the 50 mg/kg DB766 i.v. group. Accordingly, appropriate dose levels were chosen for the 5-day repeat-dose toxicity study and summarized in Materials and Methods.
Mortality/morbidity and clinical observations. In the 5-day repeat-dose toxicity study, all mice in the i.v. groups and the p.o. DB766 groups survived until their scheduled necropsy (i.e., 1 day after each last dose). All mice in the p.o. DB766 groups (25, 50 , and 100 mg/kg/day) appeared to be normal without significant clinical observations. However, mice that received a high p.o. dose of DB745 at 150 mg/kg/day either died or were euthanized in moribund condition on day 5. The most prominent adverse effect was tremors that occurred in all animals in the mid and high (10 and 20 mg/kg/day, respectively) i.v. dose DB745 groups and the high (30 mg/kg/day) i.v. dose DB766 group. These tremors generally started on day 2 or 3 and continued through day 6. For the high-p.o.-dose DB745 group, all mice were observed to have mild to severe ruffled fur and tremors on day 4, and two mice became hyperactive on day 5. These mice were either found dead (one animal) or euthanized in moribund condition (four animals) on day 5. For surviving animals, no changes in body weight or organ weight could be attributed to the treatment with either DB745 or DB766. For moribund animals (mice treated with the high p.o. dose of DB745 at 150 mg/kg/day), body weights and liver weights were decreased by 24% and 30%, respectively, compared to the final body weights and liver weights of the control animals treated with the vehicle. Clinical pathology evaluations. Since DB766 appeared to accumulate in the mouse liver and kidney (Fig. 3) , special attention was paid to clinical chemistries that could indicate liver or kidney toxicity (Table 8) . No treatment-related increase in liver enzymes or blood urea nitrogen was detected in any groups except the moribund animals in the high-p.o.-dose DB745 group. For the p.o. treatment groups, statistically significant and dose-related increases in phosphorus levels (up to 74% compared to the control animals) were observed and the largest increase was associated with the moribund animals in the high-p.o.-dose DB745 group, whereas slight increases in phosphorus levels were noted in the i.v. treatment groups. Other statistically significant changes in clinical chemistries of surviving animals were noted, but are considered to be too small to be toxicologically relevant. In addition, no treatmentrelated changes in hematology were found in either the i.v. or the p.o. treatment groups (data not shown).
Gross necropsy and histopathology. The only treatmentrelated gross necropsy finding was discolored pale liver, which was observed in moribund animals in the high-p.o.-dose DB745 group. Other findings, including discolored or roughened heart and mottled lung, were noted in most groups. However, these findings are considered to be attributable to spontaneous changes in BALB/c mice as indicated by microscopic examination of the heart tissue and results of sodium pentobarbital euthanasia, respectively. No organ weight changes could be attributed to treatment with either DB745 or DB766, except for moribund animals in the highp.o.-dose DB745 group, where a reduction in liver weight (30%) compared to that of the control group was present. Table 9 .
DISCUSSION
In this work, we have evaluated two novel AIAs regarding their in vitro and in vivo antileishmanial activity, physicochemical and pharmacokinetic properties, mutagenicity, and toxicity. Our data demonstrate that AIAs are promising preclinical development candidates for the p.o. treatment of VL. First, AIAs are potent leishmanicidals with submicromolar IC 50 s against intracellular amastigotes. In particular, DB766 is among the most potent, with an IC 50 of Ͻ0.1 M (Table 1) , which is similar to that of amphotericin B and substantially more active than miltefosine and paromomycin. Moreover, AIAs are equally active against wild-type and antimony-resistant Leishmania parasites, suggesting a potential role as a rescue treatment for antimony treatment failures or as a partner in combination therapy with currently used antileishmanials. Second, AIAs are active in both mouse and hamster VL models, markedly reducing liver parasitemia in these systems. In addition, DB766 caused a substantial decrease in spleen and bone marrow parasitemia in the hamster VL model, which was considered to be clinicopathologically and immunopathologically more similar to human VL than the murine model (14) . Third, AIAs have desirable physicochemical and pharmacokinetic properties, including moderate lipophilicity, p.o. bioavailability, and metabolic stability, as well as preferred tissue distribution to target organs (liver and spleen). Considering that species-dependent rates of metabolism were observed (Table  4) , a slower metabolism in humans may benefit efficacy and dosing frequency, although a potential increase in toxicity needs to be considered for dose selection. Fourth, DB745 and DB766 are not mutagenic in the Ames screening assay using two Salmonella serovar Typhimurium tester strains (Table 7) . Finally, the 5-day repeat-dose toxicity study of mice showed that DB766 was better tolerated than was DB745, as indicated by the NOAELs and MTDs following i.v. administration (direct comparison following p.o. administration was not possible due to insufficient data). Furthermore, no treatment-related changes in hematology, liver function tests, or kidney function tests (Table 8) were found in DB766-treated mice. It should be noted that higher doses of DB766 (i.e., Ͼ100 mg/kg) were not examined for efficacy or toxicity due to the limited aqueous solubility of this hydrochloride salt. Studies are in progress evaluating efficacy and toxicity of the mesylate salt of DB766, as this mesylate salt afforded markedly improved aqueous solubility.
Although AIAs are structural analogues of cationic diamidines, e.g., pentamidine and furamidine, they differ significantly in physicochemical properties and bioavailability. AIAs are much more lipophilic than diamidines at neutral pHs based on logD 7 .4 values (4.12 and ϽϪ2.0 for DB766 and furamidine [13] , respectively). In contrast to the extremely low p.o. bioavailability exhibited by cationic diamidines (e.g., ϳ0.24% for furamidine in mice) (our unpublished data), AIAs have moderate p.o. bioavailability (up to 25% in mice). Furthermore, AIAs are generally more active against intracellular parasites, Leishmania and T. cruzi, and less active against Trypanosoma brucei subsp. brucei than their diamidine counterparts (34) . This difference in the antiparasitic activity may indicate distinctions in mechanism of action and/or cellular uptake between AIAs and diamidines.
It is still unclear how AIAs exert their antileishmanial effect. Recent studies demonstrated that AIAs caused profound ultrastructural alterations in the nuclei and mitochondria, as well as in the microtubule organization of T. cruzi (24) . Similarly, pentamidine induced prominent mitochondrial distention and disrupted the mitochondrial membrane potential in Leishmania parasites (7, 32) and in rat liver mitochondria (16) . Pentamidine was also shown to inhibit the plasma membrane Ca 2ϩ -ATPase of T. brucei (5) . Studies into pentamidine resistance in Leishmania mexicana also suggested a mitochondrial target in the mode of action for cationic diamidines (4) . Considering that DB745 and DB766 bind to synthetic poly(dA-dT) DNA, albeit with much weaker affinity than to pentamidine (Table 1) , the mitochondrion may still play a role in the mode of action for AIAs in Leishmania parasites. However, recent studies with new AIAs showed that these compounds retained submicromolar antileishmanial activity even when DNA binding is lacking [⌬T m (AT) Յ 2°C, where ⌬T m (AT) is the increase in DNA thermal melting of poly(dA-dT)] (our unpublished data). Thus, processes that do not require DNA binding could also play a role in parasite killing. Further study into potential mechanisms of action of AIAs in Leishmania is in progress.
Compared to cationic diamidines, AIAs displayed appreciably higher p.o. bioavailability, exhibiting promising p.o. activity in both mouse and hamster VL models. The enhanced p.o. bioavailability of AIAs is likely due to a combination of an improved gastrointestinal absorption as a result of increased lipophilicity at physiologic pHs (Table 1 ) and potentially saturated metabolism at higher doses (Table 4 ). The observed saturable metabolism of DB745 in mouse liver microsomes could partially contribute to its dose-dependent p.o. bioavailability in mice (Table 5 ). In addition, increased lipophilicity and near neutral pK a values provide a possible explanation for the potent activity of AIAs against intracellular Leishmania parasites, because lipophilic AIAs should traverse the host macrophage plasma membrane and phagolysosomal membrane via passive diffusion at physiologic pHs before reaching parasites. Once in the phagolysosomes or PV, where the pH value is ϳ5 (2), AIAs could form cations before being taken up by the parasite via an unknown process in order to exert their antileishmanial activities. It would be interesting to confirm the above hypothesis and identify the uptake process, as it may have implications in determining potential drug resistance. AIAs accumulated in the mouse liver and spleen at the highest concentrations among all tissues examined, a potentially positive attribute because the liver and spleen are target organs of chemotherapeutic agents for VL and Leishmania parasites predominantly reside in these organs, in addition to the bone marrow (6) . Furthermore, appreciable concentrations of AIAs were detected in the kidney and heart (concentrations in the bone marrow were not determined in this study), whereas markedly lower concentrations were detected in the brain, suggesting limited central nervous system (CNS) penetration by AIAs. The extensive tissue distribution and accumulation described above are consistent with the large volume of distribution obtained from the pharmacokinetic analysis of the plasma concentration-time profiles (Tables 5 and 6 ) and have raised toxicity concerns, particularly for the spleen, liver, and kidney. Accordingly, biomarkers for liver or kidney toxicity and histopathology on spleen, liver, and kidney were specifically included in the 5-day repeat-dose toxicity study of mice. Results showed that DB766 did not cause significant increase in liver enzymes or blood urea nitrogen (Table 8) , despite relatively high liver and kidney concentrations even after a single dose (Fig. 3 ). DB745 and DB766 caused minimal to mild hepatic cell eosinophilia, hypertrophy, and fatty changes at the high i.v. and p.o. doses tested, which were the primary determinants for their NOAEL and MTD levels ( Table 9) . Moreover, increases in phosphorus levels following i.v. and p.o. treatment with DB745 and DB766 are not likely due to kidney or bone marrow damage because microscopic examination of these two tissues did not reveal any treatment-related damages. Another possible cause of increased phosphorus levels is calcium deposition (mineralization) in tissues. Since cardiac mineralization is a commonly reported spontaneous change in BALB/c mice and was also present in this study of both i.v. and p.o. treatment groups, the changes in phosphorus levels may, in part, have been secondary to the process of cardiac mineralization in these mice.
The high tissue concentrations (relative to in vitro IC 50 s) of AIAs may explain the observed promising efficacy in mice (Fig.  3) . However, it was anticipated that the levels of compound in the liver and spleen should have resulted in near complete reduction of parasitemia. Studies are in progress to understand how AIAs are distributed within the target organs (liver, spleen, and bone marrow) and subcellularly, as it may provide an explanation for the above-described disconnect between tissue concentrations and efficacy. Moreover, additional pharmacokinetic and efficacy studies are ongoing in the hamster VL model to investigate pharmacokinetic-pharmacodynamic relationships and the potential impact of Leishmania infection on pharmacokinetics.
In conclusion, studies presented here confirmed that AIAs possess potent antileishmanial activities in vitro and good activities in animal models of VL. Our data demonstrate that DB766 is a promising preclinical development candidate for the p.o. treatment of VL, and other AIA analogues should be further explored to obtain improved efficacy and safety profiles.
